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I. INTRODUCTION 
Water in the thermal power industry is utilised in many 
ways and without such a precious resource the power 
production process could not take place. The power indus-
try in Australia is already under increasing pressure to 
reduce its water usage. Approximately 100GL (giga litres) 
of make-up water per year is consumed by the Victorian 
power industry [1] through the cooling process alone, 
without including other losses in the power generation 
cycle. 
 
In all thermal power plants heat energy generated by 
fuel consumption is used to heat the boiler feed water into 
superheated steam. The steam of high temperature and 
pressure is then fed through the turbines to produce me-
chanical power which in turn produces electricity at the 
outlet of the generator. The exhausted steam which can no 
longer drive the turbines needs to be condensed into liquid 
through the condenser before circulating back to the boiler 
completing the cycle. Cool cooling water is circulated 
through the condenser to extract the heat from the conden-
sation of the exhausted steam. The exiting warm cooling 
water out of the condenser is then circulated through the 
cooling towers where the water is cooled down by evapo-
rating part of itself. In accordance with the evaporation 
process, a significant amount of water is lost out of the 
circulating cooling water. In order to ensure that adequate 
cooling water flow through the condenser is maintained, 
make up water is required to replenish evaporation losses. 
 
At the same time, the waste heat in the cooling water 
stream accounts for over 40% of total energy released 
from the fuel combustion. This huge amount of heat is at 
the lowest temperature end of the power generation cycle 
and is impossible to be feed back into the system directly. 
So it is an “absolute waste” in present power generation 
practice. 
 
Efficiency of thermal power plants, whether it be coal, 
nuclear, gas or oil-base fuelled, are relatively poor. Typi-
cal efficiencies range from 35 to 50% of electricity gener-
ated compared to the fuel consumed. According to the 
available statistics [2], these forms of power stations are 
often regarded as inadequate as the remaining energy is 
dissipated into the environment. However, not all thermal 
energy can be converted to mechanical energy in order to 
produce electricity according to the second law of thermo-
dynamics. Majority of energy that is not converted into 
electricity is lost through the cooling system of thermal 
power plants. 
 
In this paper a theoretical hybrid cooling system con-
sisting of a metal hydride heat pump working in conjunc-
tion with the existing wet cooling tower is presented. This 
new hybrid concept has the potential to significantly im-
prove water consumption and energy efficiencies through-
out the thermal power industry.  
 
ABSTRACT – Water shortage is a major problem facing the power industry in many nations around the world. The larg-
est consumer of water in most power plants is the wet cooling tower. To assist water and energy saving for thermal power 
stations using conventional evaporative wet cooling towers, a hybrid cooling system is proposed in this paper. The hybrid 
cooling system may consists of all or some of an air pre-cooler, heat pump, heat exchangers, and adsorption chillers to-
gether with the existing cooling tower. The hybrid cooling system described in the paper, consisting of a metal hydride 
heat pump operating in conjunction with the existing wet cooling tower, is capable of achieving water saving by reducing 
the temperature of warm water entering the cooling tower. Cooler inlet water temperatures effectively reduce the cooling 
load on existing towers. This will ultimately reduce the amount of water lost to the air by evaporation whilst still achiev-
ing the same cooling output. At the same time, the low grade waste energy upgraded by the metal hydride heat pump, in 
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II. HYBRID COOLING SYSTEM 
The basis of the hybrid cooling system technol-
ogy/concept is to minimise water consumption from wet 
cooling towers in the power industry and utilise the waste 
energy back into the steam cycle. The biggest consumer of 
water in the power production process is the cooling 
tower, through evaporation. Evaporation water loss rates 
are determined by the water temperature entering the tow-
ers and the surrounding weather conditions. Given the 
same outgoing water temperature from the tower, if the 
temperature of the cooling water entering the cooling 
tower could be reduced, the evaporation losses inside the 
tower would also be reduced, i.e. potential water savings. 
Also, if the low grade waste energy from the cooling water 
could be upgraded to be fed back into the steam cycle, it 
would be considered as useful energy increasing the over-
all energy efficiency of the plant.  
 
The hybrid cooling system configuration presented in 
this paper utilises a metal hydride heat pump technology. 
Figure 1 displays the hybrid cooling system in conjunction 
with a coal-fired Rankine steam cycle with HP and LP 
turbines. 
 
 
 
Figure 1 - Single stage metal hydride heat pump used in a 
typical steam turbine power station. 
 
In the principle of the hybrid concept, warm cooling 
water exiting the condenser will flow through a metal 
hydride heat pump component. At this stage, the water to 
be cooled is at its highest temperature that will assist the 
temperature lift from the heat pump component. While 
cooling the cooling water by the cold end of the heat 
pump, the heat with temperature lifted by the hot end of 
the heat pump is used to replace some of the bled-off 
steam in the lower stage of the feed heaters. This effec-
tively transforms the waste heat in the cooling water 
stream, which is usually discharged into the atmosphere in 
conventional practice, into useful heat thereby increasing 
overall production energy efficiency.  
III. METAL HYDRIDE HEAT PUMP 
Metal hydride heat pumps (MHHPs) cover a wide range 
of temperatures from about -50°C to 350°C, and are exclu-
sively thermally driven, without any mechanical compo-
nents in motion. Such systems may also be supplied with 
waste heat or solar energy (low level energy input) to 
operate.  
 
Metal hydrides are used in heat pumps as a medium to 
pump heat from a low grade thermal source to a high tem-
perature sink. In order to do so, MHHPs consist of two 
types of hydrogen absorbing metal compounds with dif-
ferent thermal equilibrium hydrogen pressure characteris-
tics that can reversibly absorb and desorb (release) hydro-
gen gas [3]. 
 
In comparison to the traditional vapour compression and 
absorption systems, the steady state operation of MHHPs 
does not involve a continuous process, but rather consists 
of short consecutive dynamic cycles [4]. A metal-hydride 
heat pump consists of two pairs of reactors in order to 
obtain a continuous heating or cooling effect. A schematic 
diagram of a metal-hydride heat transformer with two 
different hydride materials is shown in Figure 2.  
 
 
Figure 2 - Schematic diagram of a metal hydride heat 
pump containing two metal hydrides Mh1 & 
Mh2. Shown in the diagram are QH is useful 
heat output at TH, QM is waste heat input at TM 
and QL is low temperature heat output at TL. 
 
As shown in Figure 2 for the first half-cycle, reactors R2 
and R3 contain the lower plateau pressure metal hydride 
Mh1 and the other two reactors R1 and R4 contain the 
higher plateau pressure metal hydride Mh2. The reactors 
in each pair (R1-R2 pair and R3-R4 pair) are interconnected 
so that hydrogen can flow through a control valve from 
one reactor to the other in each reactor pair due to the 
prevailing pressure difference. These two pairs of reactors 
are operated in turn, and the working fluid (hydrogen) is 
circulated in loops between the reactors. Heat is trans-
ferred from the source to the sinks in order to obtain a 
continuous useful heat output as explained in the next 
paragraphs. Note that although reactors R1-R2 are identi-
fied to be in the “high pressure phase”, pressure in R1 is 
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greater than that in R2. Similarly, reactors R3-R4 are in the 
“low pressure phase”, but pressure in R3 is greater than 
that in R4. 
 
Figure 3 shows the thermodynamic heat-upgrading cy-
cle on the plateau pressure-temperature diagram represent-
ing the processes shown in Figure 2. In these figures, the 
medium temperature driving heat source at TM can be 
collected from solar energy, terrestrial heat energy, warm 
waste water discharged from hot springs, low quality en-
ergy of waste heat discharged from garbage factories or 
warm waste water discharged from garbage destructors 
and exhaust gas [5]. A water cooling tower, refrigeration 
process or ambient surrounding air can be used for the low 
temperature heat sink at TL. The useful heat QH at tempera-
ture TH is obtained as an upgraded waste heat source in the 
cycle.  
 
 
 
Figure 3 - Metal hydride heat transformer cycle on ln(P) – 
1/T diagram. QH is useful heat output at TH, QL 
is low -temperature heat output at TL, and QM is 
input waste heat at TM. 
 
The continuous cycle of a heap pump consisting of two 
reactor pairs for each alloy pair Mh1 and Mh2, can be 
described in terms of two half-cycles, each one involving 
the following steps.  
 
In the first step of the cycle, waste energy QM at a tem-
perature of TM is simultaneously supplied to reactors R1 
and R3 containing metal hydrides Mh2 and Mh1, respec-
tively, as shown in Figure 4. The hydrides Mh1 and Mh2 
in reactors R1 and R3 are initially at a hydrided state (fully 
saturated with H2) and the pair of reactors R2 and R4 is at a 
dehydrided state as displayed in Figure 4. 
 
Energy input QM initially supplied to beds R1 and R3 is 
absorbed, and pressure within the reactors begins to in-
crease as some hydrogen gas is released. This energy QM 
is continually supplied until equilibrium desorption pres-
sures are reached for the chosen alloy pair. Reactor R1 
containing low temperature side Mh2 has a higher hydro-
gen equilibrium dissociation pressure as opposed to the 
high temperature side alloy Mh1 which has a lower disso-
ciation pressure. Once equilibrium desorption pressures 
are reached for both reactors R1 and R3, hydrogen begins to 
desorb from the hydrided hydrides in what is known as an 
endothermic reaction, creating an increase of pressure 
within the beds.  Reactor beds R1- R2 and R3- R4 are con-
nected with isolation valves to allow hydrogen flow. These 
isolating valves open as the hydrogen begins to desorb at 
the equilibrium dissociation pressures of the hydrided 
metal hydrides. Therefore, desorbed hydrogen from reac-
tors R1 and R3 begins to flow into the opposing reactor 
beds R2 and R4 respectively.  Flow of hydrogen is achieved 
by the pressure difference between opposing reactors R1-
R2 and R3-R4.  
 
Figure 4 - Schematic diagram of the first half-cycle gener-
ating and regenerating periods. 
 
The hydrogen entering reactor bed R2 from R1 is at a 
higher pressure than the dehydrided reactor bed itself.  As 
the hydrogen enters reactor bed R2, pressure within the bed 
is increased. Mh1 at the high temperature side having a 
lower hydrogen equilibrium pressure contained in R2 be-
gins to absorb the hydrogen once equilibrium absorption 
pressure is reached. An exothermic reaction occurs as the 
hydrogen is absorbed releasing high temperature heat TH 
from reactor bed R2. This is the useful energy output QH 
produced by the cycle.  Flow of hydrogen released from 
reactor bed R3 enters R4 and is absorbed by Mh2 at the low 
pressure-temperature phase of the cycle. The low tempera-
ture heat QL produced from the exothermic reaction proc-
ess is released to the ambient completing the first step of 
the cycle.  
 
In the second step of the first half cycle, the valves con-
necting opposing reactors R1-R2 and R3-R4 are closed as 
shown in Figure 5. The waste heat source is disconnected 
from reactors R1 and R3, and both heat sinks are discon-
nected from reactors R2 and R4.  In order to achieve a con-
tinual cycle of heat pump operation, the current hydrided 
reactor beds R2 and R4 in both the low pressure and high 
pressure phases of the cycle, are required to exchange heat 
in order to change pressure phases with the current dehy-
drided reactor beds R3 and R1 of the same hydride pair 
(refer to Figure 5). 
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Figure 5 - Schematic diagram of internal sensible heat 
recovery. 
 
Reactor bed R2 containing hydrided Mh1 is currently in 
the high pressure phase of the cycle and is required to 
change pressure phase by exchanging heat with reactor 
bed R3 containing dehydrided Mh1 in the low pressure 
phase of the cycle. Similarly, reactor bed R1 containing 
dehydrided Mh2 currently in the high pressure phase of 
the cycle is required to change pressure phases by ex-
changing heat with reactor bed R4 containing hydrided 
Mh2 in the low pressure phase of the cycle. This phase 
transformation can be obtained by two methods. Tradi-
tionally, sole sensible heating and cooling input is required 
to change the temperature and pressure phase of the beds 
upon completion of hydrogen exchange. However, Nishi-
zaki et al. [6] introduced the concept of internal sensible 
heat exchange between the reactors containing the same 
hydride. This is initiated by looping reactor pairs contain-
ing the same metal hydride so that they become thermally 
connected. Internal heat exchanges are contained within 
each of the reactor beds (R2-R3) and (R1-R4). As a result of 
this internal sensible heat exchange, points 1, 2, 3 and 4  
arrive at points 1`, 2`, 3` and 4` respectively as presented 
in Figures 3 and 5. Note that this is an internal exchange 
process of sensible heat in order to aid the change of pres-
sure phase between each reactor and to enhance the cycle 
efficiency of the system. 
 
In the third step of the sequence, once equilibrium is 
reached as a result of internal sensible heat recovery be-
tween reactors R2-R3 and R4-R1, the loops allowing internal 
heat exchange between reactors are disconnected. In real-
ity, 100% of internal sensible heat recovery between reac-
tors containing the same metal hydride is not likely. There-
fore, as presented in Figure 3, points 1`, 2` and 4` are not 
yet at the required operating temperatures of the cycle (TM 
and TL). Further heat input and cooling is required for 
these points to meet the required operating temperature 
levels for each and every cycle operating under steady 
state. Therefore, intermediate temperature heat input ob-
tained from the waste heat source is once again required to 
raise the temperature of point 4` to TM. The temperature of 
point 3` is raised to TH once the exothermic reaction proc-
ess takes place in step 4 of the cycle which is discussed 
later, therefore, not requiring further energy at this stage. 
However, cooling is required to take point 2` to tempera-
ture TM and point 1` to temperature TL. This can be ob-
tained by either using a mechanical cooling process or 
alternatively by allowing the ambient surroundings to cool 
down the reactor bed. Consequently, reactors R1 and R2 
are now in the low pressure phase of the cycle and reactor 
R4 is in the high pressure phase of the cycle as presented in 
Figure 6. Reactor R3 enters the high pressure phase as 
described later in step 4 of the cycle. 
 
Figure 6 - Schematic diagram of the third step of the cycle 
sequence. 
 
Thus, the waste heat source is now connected to reactors 
R2 and R4, and heat sinks are connected to reactors R3 and 
R1, respectively. 
 
The first half of the heat pump cycle for heat transform-
ing has been covered so far. The second half of the cycle, 
steps four to six, are equivalent to the first half as briefly 
described below. The only difference in the second half of 
the cycle, as mentioned earlier, is that reactors R1 and R2 
are now in the low pressure phase and R3 and R4 are in the 
high pressure phase (shown in Figure 7) as opposed to the 
arrangement at the commencement of the cycle. 
 
Figure 7 - Schematic diagram of the second half-cycle 
generating and regenerating periods. 
 
In step 4, QM is supplied to hydrided reactors R2 and R4 
to desorb hydrogen. The isolating valves open and the 
desorbed hydrogen flows into reactors R1 and R3. The 
exothermic reactions in R1 and R3 generate high tempera-
ture QH and low temperature QL as shown in Figure 7. In 
step 5, internal sensible heat exchange occurs between 
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reactors containing the same hydride, i.e. between R2 and 
R3, and R1 and R4. In step 6, sensible heating and cooling 
is required to return the reactors to the conditions shown in 
Figure 2. Step 6 completes the second half of a full cycle.  
IV. MATHEMATICAL MODEL OF HEAT PUMP 
The analysis for the performance prediction of the metal 
hydride heat pump cycle is based on heat and mass bal-
ances and thermodynamic property relations of hydrogen 
and hydride materials used in the cycle. Discussed below 
is a heat pump cycle operating in the heat upgrading mode 
based on the model presented by Sun [7]. Equations for 
alternative modes such as refrigeration and heat amplifica-
tion can be derived from similar definitions. To simplify 
the mathematical model, it is assumed that thermal insula-
tion of reactor vessels and piping is ideal. Therefore, heat 
loss from the system to the ambient is neglected. 
 
In this model, two specific parameters are used in 
evaluating the operational characteristics of the metal 
hydride heat pump cycle: the coefficient of performance 
(COP) and the alloy heat output of the system.  
 
The COP of a heat-pump is used to evaluate the effi-
ciency of the system. It is defined as the ratio of ܳ௢௨௧ to 
ܳ௜௡  as shown below, 
ܥܱܲ ൌ
ܳ௢௨௧
ܳ௜௡
                                                                                               ሺ1ሻ 
where ܳ௢௨௧ is ܳு and ܳ௜௡ is ܳெ for a metal hydride heat 
pump for heat upgrading. It should be noted that in the 
literature heat pump COP is sometimes referred to as the 
Performance Factor (PF), however this convention is not 
used in this paper.  
 
The alloy heat output per cycle is a measure of the ef-
fective output capacity to the total mass of alloys used in 
the system. This defined ratio measures the amount of heat 
generated per mass of alloys involved which under ideal 
conditions can be expressed as, 
ܳ௔௟௟௢௬  ൌ
ሺܳ௢௨௧ሻ݊
ܰ                                                                                       
ሺ2ሻ 
where ܰ is the total mass of the metallic alloy compound 
used in the system and ݊ is the frequency of the operating 
cycle.  
 
In order to determine the COP and alloy heat output, 
with reference to Figure 3 and Figure 4, the energy input 
and output parameters for a full cycle can be found as 
follows: 
 
(1) Reactor bed R1 containing hydrided Mh2 at point 1 
desorbs hydrogen as it is supplied with heat QM by 
intermediate temperature source; the endothermic re-
action heat in this process is given by, 
ܳெሺଵିଶሻ ൌ ݉ு
ோభ  ൈ ∆ܪௗ௘௦
ோభ                                                              ሺ3ሻ 
where ݉ு
ோభ is the mass of hydrogen contained within 
reactor bed R1 and ∆ܪௗ௘௦
ோభ  is the heat (enthalpy) re-
quired to desorb the hydrogen.  
 
(2) Desorbed hydrogen flowing from reactor bed R1 is 
absorbed by dehydrided reactor bed R2. The effects of 
the hydrogen-absorption process in reactor bed R2 are 
three-folds: (a) a sensible heat rise for the reactor and 
its contents given by QTH-2, (b) a further sensible heat 
rise in the reactor carried over by Q1-2 and (c) a heat 
release to the heat sink QH at TH. These effects are 
explained below in more detail:  
 
(2a) Reactor R2 in the high pressure phase of the cycle, 
containing dehydrided Mh1, is heated by the heat 
producing exothermic reaction as hydrogen is ab-
sorbed. The reactor bed’s temperature increases from 
TM to TH; the rise of sensible heat is therefore given 
by, 
்ܳுିଶ ൌ ൫݉ோమ ൈ ܥோమ ൅ ݉ெ௛ଵ ൈ ܥெ௛ଵ ൅ ݉ோு
ோమ  ൈ ܥு൯ሺ ுܶ െ ெܶሻ 
     (4) 
 where ݉ோమ is the mass of reactor bed R2, ܥோమ is the 
specific heat capacity of the reactor bed, ݉ெ௛ଵ is the 
mass of alloy compound contained within reactor bed 
R2, ܥெ௛ଵ is the specific heat capacity of the alloy 
compound, ݉ோு
ோమ  is the mass of residual hydrogen and 
ܥு is the specific heat capacity of hydrogen.  
 
(2b) Sensible heat is carried over during the process of 
hydrogen being desorbed from Mh2 at TM and then 
flowing from point 1 to point 2, and finally being ab-
sorbed by Mh1 at TH; this sensible heat is expressed 
by the following equation. 
ܳଵିଶ ൌ ݉ு
ோమ ൈ ܥுሺ ுܶ െ ெܶሻ                                                        ሺ5ሻ 
(2c) The total reaction heat generated by the exothermic 
reaction process QR is given by, 
ܳோ ൌ ݉ு
ோమ ൈ ∆ܪ௔௕௦
ோమ                                                                          ሺ6ሻ 
 where ݉ு
ோమ is the mass of hydrogen transferred to 
reactor bed R2 and ∆ܪ௔௕௦
ோమ  is the reaction heat released 
as the hydrogen is absorbed by the alloy compound. 
 
(3) The upgraded useful heat of the cycle ܳு which is 
released to the heat sink TH is given by, 
ܳு ൌ ܳோ െ ሺ்ܳுିଶ൅ܳଵିଶሻ                                                          ሺ7ሻ 
(4) Reactor bed R2 now containing hydrided Mh1 in the 
high pressure phase is cooled from temperature TH at 
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point 2 by intermediate temperature TM at point 3; the 
sensible heat is expressed as, 
ܳଶିଷ ൌ ሺ݉ோమ ൈ ܥோమ ൅ ݉ெ௛ଶ ൈ ܥெ௛ଶሻ                                              
൅ ሺ݉ோு
ோమ ൈ ܥு ൅݉ு
ோమ ൈ ܥுሻሺ ுܶ െ ெܶሻ                      ሺ8ሻ  
 where ݉ெ௛ଶ is the mass of alloy compound con-
tained within reactor bed R2 and ܥெ௛ଶ is the specific 
heat capacity of the related alloy compound. 
 
(5) Reactor bed R3 containing hydrided Mh1 in the low 
pressure phase of the cycle at point 3 desorbs hydro-
gen as heat is continually supplied by intermediate 
source QM at temperature TM; the endothermic reac-
tion heat is expressed as, 
ܳெሺଷିସሻ ൌ ݉ு
ோయ ൈ ∆ܪௗ௘௦
ோయ                                                               ሺ9ሻ 
where ݉ு
ோయ is the mass of hydrogen within reactor 
bed R3 and ∆ܪௗ௘௦
ோయ  is the amount of heat required to 
desorb the hydrogen bonded to the alloy compound. 
 
(6) Reactor R4 containing hydrided Mh2 in the low pres-
sure phase of the cycle is heated from TL at point 4 by 
intermediate source QM to temperature TM; the rise of 
sensible heat is, 
ܳସିଵ ൌ ሺ݉ோర ൈ ܥோర ൅ ݉ெ௛ଶ ൈ ܥெ௛ଶሻ                                              
൅ ሺ݉ோு
ோర ൈ ܥு ൅݉ு
ோర ൈ ܥுሻሺ ெܶ െ ௅ܶሻ                    ሺ10ሻ  
where ݉ோర is the mass of reactor bed R4, ܥோర is the 
specific heat capacity of the reactor bed, ݉ோு
ோర  is the 
mass of residual hydrogen and ݉ு
ோర is the mass of ab-
sorbed hydrogen. 
 
The COP of the cycle defined by Equation 1 can now be 
determined from the above derived correlations and ex-
pressed as follows. 
ܥܱܲ ൌ
ܳோ െ ሺ்ܳுିଶ ൅ ܳଵିଶሻ
ܳெሺଵିଶሻ ൅ ܳସିଵ ൅ ܳெሺଷିସሻ െ ܳሺଶିଷሻ
                                  ሺ11ሻ 
Note that the term ்ܳுିଶ ൅ ܳଵିଶ is deducted from ܳோ in 
the numerator because of the sensible heat required by R2 
and the sensible heat carried over by hydrogen flowing 
from R1. Also, the term ܳሺଶିଷሻ which is deducted from the 
heat input terms in the denominator represents the quantity 
of energy that is fed back into the heat source. 
 
If internal sensible heat recovery between reactors con-
taining the same metal hydride is present within the cycle, 
which is usually the case, then the actual COP is, 
ܥܱܲ ൌ
ܳோ െ ሺ்ܳுିଶ ൅ ܳଵିଶሻሺ1 െ ߣሻ
ܳெሺଵିଶሻ ൅ ܳସିଵሺ1 െ ߣሻ ൅ ܳெሺଷିସሻ െ ܳሺଶିଷሻሺ1 െ ߣሻ
      ሺ12ሻ 
where λ is the efficiency of the sensible heat exchange 
between the reactors R1-R4 and R2-R3. 
 
The efficiency of the internal heat recovery between re-
actors is defined as, 
ߣ ൌ ுܶ
െ ଶܶ`
ுܶ െ ெܶ
ൌ ଷܶ`
െ ெܶ
ுܶ െ ெܶ
ൌ ெܶ
െ ଵܶ`
ெܶ െ ௅ܶ
ൌ ସܶ`
െ ௅ܶ
ெܶ െ ௅ܶ
                           ሺ13ሻ 
where T1`, T2`, T3` and T4` are the temperatures at the 
points 1`, 2`, 3` and 4` in Figure 3. 
 
Following the calculation of COP, the alloy output of 
the cycle, including internal heat, is given by the following 
equation: 
ܳ௔௟௟௢௬  ൌ
ሼሾܳோ െ ሺ்ܳுିଶ ൅ ܳଵିଶሻሺ1 െ ߣሻሿሽ݊
2ሺ݉ெ௛ଵ ൅ ݉ெ௛ଶሻ
                                  ሺ14ሻ 
Note that the sum of the mass of alloys in the denomina-
tor is multiplied by two as two pairs of metal hydride reac-
tor beds are needed for continuous heat pump operation. 
 
V. INCORPORATION OF HEAT PUMP TO FORM HYBRID 
COOLING SYSTEM 
In a conventional operation (heat upgrading mode) dur-
ing each half cycle, useful heat is produced once by apply-
ing the driving source input heat twice. The efficiency of 
this process (COP), as described previously, is a ratio of 
the beneficial output ܳ௢௨௧ to the required input(s) ܳ௜௡. By 
implementing this process as a part of the hybrid cooling 
system, the required energy inputs are effectively the 
benefit of the cycle, i.e. the cooling effect on water exiting 
the condenser plus the energy upgraded by the heat pump 
cycle. This therefore leaves no apparent energy input re-
quirements for the process and the efficiency (COP) of the 
cycle becomes infinite (refer to Equation 1). However, 
according to the second law of thermodynamics, no heat 
engine can be 100% efficient, and no heat pump or refrig-
erator can have an infinite COP [8]. Therefore, the COP 
cannot be determined for the metal hydride heap pump 
considered here but the potential cooling and heat upgrad-
ing benefits can be calculated and analysed.  
 
The ideal cooling and heat upgrading benefits of the cy-
cle are represented by the following equations. 
 
ܳ஼್೐೙೐೑೔೟ ൌ  ܳெሺଵିଶሻ ൅ ܳସିଵሺ1 െ ߣሻ ൅ ܳெሺଷିସሻ                              ሺ15ሻ 
 
ܳு௎್೐೙೐೑೔೟ ൌ ܳோ െ ሺ்ܳுିଶ൅ܳଵିଶሻሺ1 െ ߣሻ                                       ሺ16ሻ 
 
From the calculated cycle benefit, the amount of cooling 
and heat upgrading achieved per kilogram of compound 
mass (alloy output) can be derived by the following equa-
tions.  
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ܳ௖௢௢௟௜௡௚  ൌ
൛ൣܳெሺଵିଶሻ ൅ ܳସିଵሺ1 െ ߣሻ ൅ ܳெሺଷିସሻ൧ൟ݊
2ሺ݉ெ௛ଵ ൅ ݉ெ௛ଶሻ
                      ሺ17ሻ 
 
ܳ௛௘௔௧ ௨௣௚௥௔ௗ௘  ൌ
ሼሾܳோ െ ሺ்ܳுିଶ൅ܳଵିଶሻሺ1 െ ߣሻ ሿሽ݊
2ሺ݉ெ௛ଵ ൅ ݉ெ௛ଶሻ
                      ሺ18ሻ 
 
VI. ALLOY MASS REQUIREMENT 
Given the rate of cooling (Equation 17), the total mass 
of alloy compound required to obtain a specified tempera-
ture drop from the circulating cooling water can be deter-
mined as follows:   
 
Initially, the amount of cooling required to achieve the 
required temperature drop is to be determined, as repre-
sented by the following equation, 
 
ܳ௥௘௤ ൌ ሶ݉ ௪ܥ௣ೢ∆ ௪ܶ                                                                                ሺ19ሻ 
 
where ሶ݉ ௪ is the mass flow rate of the water existing the 
condenser, ܥ௣ೢ is the specific heat capacity of the water 
and ∆ ௪ܶ is the required temperature drop. 
 
The total mass of alloy required can then be found by 
the amount of cooling required ܳ௥௘௤ over the cooling rate 
per alloy compound mass of the system ܳ௖௢௢௟௜௡௚. This is 
presented by the following equation. 
 
்݉ೌ೗೗೚೤ ൌ
ܳ௥௘௤
ܳ௖௢௢௟௜௡௚
                                                                                 ሺ20ሻ 
 
VII. UPGRADED TEMPERATURE OUTPUT 
The temperature level for which the heat-pump can up-
grade from its source temperature is referred to as the 
upgraded temperature output. It is used to evaluate the 
temperature-upgrading capacity of the heat pump and is 
correlated with the temperature of the heat source. If the 
metal hydrides used in the system are selected, and the 
heat-source temperature TM and heat-sink temperature TL 
are fixed, the following equation presented by Sun [7] can 
determine the potential high temperature output from the 
heat pump cycle. 
 
∆ ௢ܶ௨௧ ൌ െܶܯ ൅
∆ܪܾܽݏெ௛ଶ
∆ܪܾܽݏெ௛ଵ ቀ
1
ܶܯ െ
1
ܶܮቁ ൅
∆ܪܽݒ݃ெ௛ଶ
ܶܯ
               ሺ21ሻ 
 
VIII. RESULTS AND DISCUSSIONS 
Calculations were carried out assuming that all reactor 
beds in the system contain 1kg of each metal hydride. The 
two metal hydrides Mh1 and Mh2 used in the analysis are 
AB5 type alloys.  Metal hydride Mh1, used for the higher 
temperature reactions, is made up of compound 
MmNi4.2Al0.8, and metal hydride Mh2, used for the lower 
temperature reactions, is made up of compound 
MmNi4.2Mn0.8. The alloy compounds are chosen for the 
generation of high temperature energy output QH in the 
temperature range of TH = 60-80°C using a driving source 
temperature TM = 45°C. Surrounding ambient air is used 
as the cooling medium with TL = 20°C. 
 
Physical properties of both metal hydrides are listed in 
Table 1. Total hydrogen capacities of all reactor beds are 
equal with a maximum exchange amount of mHmax = 0.006 
kmolH2/kg-alloy.  The actual hydrogen exchange amount 
during the operation of the cycle, however, is mH = 
0.0048kmolH/kg-alloy. Therefore, the mass of residual 
hydrogen in the desorbed beds is mRH = 0.0012kmolH2/kg-
alloy. Mass of the reactor beds are assumed to be identical 
to the amount of metal hydride mass each bed contains. 
Specific heats of the reactor vessels and hydrogen are 
respectively 0.46 and 14.27kJ/kg K. A Frequency interval 
(n) of one cycle every 4 minutes (15 cycles per hour) is 
considered. Internal sensible heat recovery is neglected, 
therefore λ = 0. 
 
Table 1 - Properties of metal hydrides used in simulation 
Metal Hydride  Mh1  Mh2 
∆ܪ௔௕௦ (kJ/kmolH2)  26,840  28,400 
∆ܪௗ௘௦ (kJ/kmolH2)  27,010  28,900 
mHmax (kmolH2/kg)  0.006  0.006 
CH (kJ/kg. K)  0.408  0.419 
 
The design operating temperatures for the discussed 
heat pump are outlined in Table 2. 
 
Table 2 - Metal hydride heat pump process conditions. 
Parameter  Value 
Intermediate temperature source ( ெܶ)  35‐45°C 
Low temperature heat sink ( ௅ܶ)  20°C 
Cooling water mass flow rate ( ሶ݉ ௪)  5,100l/s 
 
It was calculated that in order to reduce the reference 
plants water temperature of the cooling water by 1°C, a 
total average alloy mass of 69.6 tons would be required. 
As the cooling water only flows through two reactor beds 
in each half cycle, to obtain an ideal continuous cooling 
output, each reactor bed would have to contain an average 
of 34.8 tons of alloy. Therefore, the total average alloy 
mass required for the whole system, consisting of four 
reactor beds, would be 139.2 tons. Although this may 
seem to be excessive, it must be noted that the system has 
to process a significantly large water mass flow rate. 
Therefore, it would not be unusual for such a system to be 
of such large scale. More importantly, the hybrid cooling 
system could potentially reduce evaporation rates by ap-
proximately 0.5ML (million litres) per day. In perspective, 
this is a saving of 182.5ML per year which is approxi-
mately an 8.75% reduction from existing operation. 
Knowing that an average Olympic swimming pool con-
tains 2.5ML of water, the potential water savings achieved 
by the first configuration of the hybrid cooling system is 
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equivalent to 73 Olympic swimming pools.  Furthermore, 
it is recently reported that the power generators in eastern 
Victoria (Latrobe Valley) “use about 125 billion litres of 
water a year – one-third of Melbourne’s annual consump-
tion” [10].  Adoption of the hybrid cooling system by 
these power generators has the potential to produce an 
annual water saving of over 10 billion litres, a very sig-
nificant amount of badly needed water. 
 
At the same time, the metal hydride heat pump cycle 
could also potentially upgrade the input waste source heat 
by ≈75%. Simulation work carried out using the ‘THER-
MOSOLV’ software has found that energy efficiencies of 
thermal power plants could be increased by 0.5% to 2% 
[9] by adopting the concept of hybrid cooling system. 
 
IX. CONCLUSION 
A hybrid cooling system consisting of a metal hydride 
heat pump and an existing cooling tower is described in 
this paper. By reducing the inlet water temperature enter-
ing wet cooling towers in the thermal power industry, 
water consumption could significantly be reduced. Con-
sidering such precious resource we know as ‘water’ is 
rapidly depleting in many nations around the world, this 
potential water saving is not only a benefit for the power 
industry but also beneficial for present and future genera-
tions globally. Besides water saving, the hybrid cooling 
concept presented also has potential to improve energy 
efficiency and possibly reduce CO2 emission by recover-
ing and upgrading the “waste” energy from the cooling 
water stream. Calculations undertaken in this study 
showed that for a typical coal fired power plant with an 
existing wet cooling tower, incorporation of the aforemen-
tioned hybrid cooling system would result in a water con-
sumption reduction of 0.5ML/day.  This is equivalent to an 
annual water saving of over 180ML, an approximately 9% 
water consumption reduction compared to the existing 
operation. Application of the hybrid cooling system to the 
entire power generation sector has the potential to reduce 
this industry’s water usage by over 10 billion litres a year.  
This is therefore a win-win technology, producing both 
water and energy savings of significant quantities.  
 
REFERENCES 
[1] National Water Commision, "How was water used by 
the economy?", 2005 [Online]. Available: 
http://www.water.gov.au/WaterUse/WaterUsedByTh
eEconomy/index.aspx?Menu=Level1_4_2. 
[2] W.H.J. Graus, M. Voogt, and E. Worrell, 
"International comparison of energy efficiency of 
fossil power generation," Energy policy, vol. 35, no. 
7, pp. 3936-3951, 2007. 
[3] B.E. Sirovich, "Hydride heat pump." U. S. Patent 
4,200,144, Apr. 3,1980. 
[4] S. Brey, "Simulation of the heat and mass transfer in 
coupled metal hydride reactors for heat pump 
applications." M.E. thesis, The University of 
Melbourne, Victoria, 1996. 
[5] O. Yasuaki, "Power generating device employing 
hydrogen absorbing alloy and low heat." U. S. Patent 
6,141,966, Nov. 7, 2000. 
[6] T. Nishizaki, K. Miyamoto, and K. Yoshida, 
"Coefficients of performance of hydride heat pumps" 
Journal of the Less-Common Metals, vol. 89, pp. 
559-566, 1983. 
[7] Da-Wen Sun, "New methods for evaluating the 
performance of metal hydride heat-pumps," Journal 
of the Institute of Energy, vol. 68, pp. 121-129, 1995. 
[8] C. Wu, Thermodynamics and heat powered cycles. 
New York, US: Nova Science Publishers, 2007. 
[9] E. Hu, "THERMOSOLV - a tool to assess the solar 
aided power genertion concept for coal fired power 
stations," Macro review, vol. 16, no. 1, pp. 19-23, 
2003. 
[10] The Age, “Don’t give water to generators: panel”, 13 
April, 2010. 
 
 
